This work reports the modification of freeze/thaw poly(vinyl alcohol) hydrogel using citric acid as the bioactive molecule for hydroxyapatite formation in simulated body fluid. Inclusion of 1.3 mM citric acid into the poly(vinyl alcohol) hydrogel showed that the mechanical strength, crystalline phase, functional groups and swelling ability were still intact. Adding citric acid at higher concentrations (1.8 and 2.3 mM), however, resulted in physically poor hydrogels. Presence of 1.3 mM of citric acid showed the growth of porous hydroxyapatite crystals on the poly(vinyl alcohol) surface just after one day of immersion in simulated body fluid. Meanwhile, a fully covered apatite layer on the poly(vinyl alcohol) surface plus the evidence of apatite forming within the hydrogel were observed after soaking for seven days. Gel strength of the soaked poly(vinyl alcohol)/citric acid-1.3 mM hydrogel revealed that the load resistance was enhanced compared to that of the neat poly(vinyl alcohol) hydrogel. This facile method of inducing rapid growth of hydroxyapatite on the hydrogel surface as well as within the hydrogel network can be useful for guided bone regenerative materials.
Introduction
Poly(vinyl alcohol) (PVA)-based hydrogels have been extensively explored and considered to be the most useful hydrogel as medical implant and bone tissue engineering materials due to their high water content and excellent compressive strength. 1, 2 Since cartilage lacks vascularity and low mitotic ability of its chondrocytes, 3 a good contact with biocompatible and bioactive guided bone regenerative material is sought after. 4 In order to form hydrogels, PVA chains need to be crosslinked for it to swell in the presence of water or biological fluid. Crosslinking can be done in several ways including physical, 5 chemical 6 or high-energy radiation. 7 Physical crosslinking of the PVA using repeated cycles of freezing and thawing can be the most preferred approach since it is feasible, cost savvy and eliminates the use of harmful chemical crosslinking agents. The hydrogel network is created through the crosslinking sites of the aggregation of micro crystals upon the freeze-thaw treatment.
Although being useful in certain applications, hydroxyl groups of the PVA is not sufficient for obtaining good contact with bone tissue and lacks the ability of promoting bone growth. 8 Biologically active apatite layer should be developed on the surface of the hydrogels for bonding with living bone. Several methods demonstrated enhanced bioactivity of the PVA hydrogels which includes adding synthetic hydroxyapatite (HA) particles, 9-11 nanoclays 12 and bioactive glass. 13 Since the mixing approach utilizes components that form hybrids or composite hydrogel, a more viable and cost-effective method to promote bioactivity should be explored. Citric acid (CA) is a small organic acid molecule that has been widely used in the food and pharmaceutical industries 14 and it exists in its citrate form in fresh wet bone. 15 Several studies have demonstrated that the CA positively influenced the growth of HA on various substrates immersed in simulated body fluid (SBF) such as chitosan, 16 cellulose, 17 lignocellulosic fibres, 18 elastin-like recombinamers 19 and collagen membrane. 20 Furthermore, it was described that the inclusion of CA during the preparation of sol-gel HA resulted in high bioactivity in SBF. 21 Conversely, it was reported that addition of CA above 2 mM on collagen surface inhibits the formation of HA. 20 Therefore, we hypothesized that physical crosslinking of PVA with the presence of CA could improve the osteogenic potential of the hydrogel. Thus, the aim of this study is to develop PVA/CA hydrogels with intact physical properties and enhanced biomineralization ability.
Experimental
Preparation of PVA/CA hydrogels CA was purchased from Sigma-Aldrich and used without further purification. Required concentrations of CA containing freeze-thaw solutions (0.15, 0.8, 1.3, 1.8 and 2.3 mM) were prepared by dissolving solid CA in deionized (DI) water. PVA powder (Sigma-Aldrich, molecular weigth [Mw] ¼ 89,000-98,000) with 15% by weight (wt%) was gradually added into the CA solution at a temperature of 90 C with a continuous mechanical stirring for 1 h. The PVA solution was then poured into a cylindrical acrylic mould with a height of 20 mm and a diameter of 15 mm and treated to freezing at À20 C for 24 h and followed by thawing at 23 C for 24 h. Three cycles were conducted at constant humidity. Following this procedure, PVA/CA hydrogels with various CA concentrations were prepared. Schematic preparation of the PVA/CA hydrogels is depicted in Figure 1 .
Characterizations
Gel strength. A mechanical tester (Brookfield Engineering Laboratories) was used to measure the compressive gel strength (wet state) with downward probing rate of 0.5 mm/s until the sample reached the base. The cylindrical dimensions of the hydrogels were 20 mm (height) and 15 mm (diameter) according to the mould size. Five replications were done.
Fourier transform infrared. Fourier transform infrared (FTIR) vibrational spectra were obtained using a spectrometer, Nicolet iS5, with spectral resolution of 4 cm À1 averaging 16 scans in the scanning range of 600-4000 cm
À1
. X-ray diffraction. X-ray diffraction (XRD) diffractograms were collected using Siemens Model D500 diffractometer using CuKa radiation (k ¼ 0.154 nm), Morphology. Surface morphology of the hydrogels was investigated using scanning electron microscope (SEM, Leo Supra 50VP) equipped with an energy dispersive X-ray (EDX) system. To observe the internal surface of the hydrogel, selected sample was immersed in dry ice for 1 h and then fractured transversely.
Statistical analysis. The error bars on each point of the graphs correspond to the standard deviation of the mean.
In vitro biomineralization
In vitro biomineralization of the hydrogel was conducted by immersion in SBF solution. Preparation of the mimicking solution has been reported in detail elsewhere. 22, 23 The ionic compositions and concentrations of the prepared SBF were similar to human blood plasma. Briefly, the solution was prepared by dissolving reagent-grade CaCl 2 , NaCl, KCl, MgCl 2 Á6H 2 O, K 2 HPO 3 Á3H 2 O, NaHCO 3 and Na 2 SO 4 in ionexchanged distilled water and buffering to pH 7.4 with tris-(hydroxymethyl)-aminomethane and HCl. The hydrogel was immersed in 25 mL of the prepared SBF solution and placed in an incubator at 36.5 C for 1, 3, 5 and 7 days. Then the samples were subjected to SEM, Ca/P ratio analysis by EDX, FTIR and gel strength in order to evaluate the effects of soaking in SBF.
Results and discussion

Gel strength
Effects of various CA concentrations on the gel strength of the PVA hydrogel are shown in Figure 2 . Neat PVA hydrogel revealed gel strength of typically prepared freeze-thawed hydrogel. The gel strength was stable with the inclusion of CA up to 1.3 mM. This signifies that the gelation and forming of semicrystalline phase during the freeze-thawing process was not interrupted with the presence of CA. Physical crosslinking of the PVA chains can be regarded as the main factor that gives the PVA its gel-like behaviour. In this case, the presence of CA at concentrations of 0.15-1.3 mM did not influence the mechanical response of the PVA hydrogel. Significant reduction was observed as the concentration reached 1.8 mM and was followed by 40% drop for the PVA/CA-2.3 mM sample. The presence of citrate ions at these concentrations might inhibit the formation of crystalline junctions due to the taking up of the CA forming H bond with the PVA chain. Thus, the loading capacity of the PVA hydrogel during the compressive stress reduced as a result of poor formation of crystalline junctions. . This vibration corresponds to the crystalline domains of the PVA hydrogel. 24 Spectra of PVA hydrogels at CA concentrations of 0.15, 0.8 and 1.3 mM (Figure 3 (b) to (d)) revealed similar vibrational peaks to that of neat PVA. Based on the spectrum analysis, the CA did not induce any covalent bonding or chemical reaction with the PVA. In addition, the presence of the 1143 cm À1 peak signifies that the crystalline domain of PVA still exists. Samples of PVA/CA-1.8 mM and PVA/CA-2.3 mM detected no 1143 cm À1 peak vibration. This was due to the poor formation of physical crosslink junction which corroborates the gel strength findings.
FTIR spectroscopy
X-ray diffraction
XRD spectrum of the neat PVA hydrogel (Figure 4(a) ) displayed the characteristic diffraction plane (101) of PVA hydrogel at 20 which represent the semicrystalline nature of PVA. 25 PVA hydrogels with 0.15, 0.8 and 1.3 mM CA (Figure 4 Water contact angle (WCA) and swelling WCA is an effective method to measure hydrophilicity of the hydrogels. Table 1 shows that the WCA of the 0.15, 0.8 and 1.3 mM PVA/CA samples reduced as compared to that of neat PVA. Its corresponding images depict the spreading of the water droplet on the surface. CA provides additional water adhering capacity to the hydrogel surface through its polar OH groups thus obtaining minor contact angle. In case of biomineralization, hydrophilic surface is preferable for bonding between the PVA substrate and surrounding SBF ions. For the 1.8 and 2.3 mM PVA/CA samples, the contact angle was substantially lowered to 14.0 AE 0.98 and 12.5 AE 0.43 , respectively. This can be explained by the increased amount of available OH groups of PVA that did not participate in the formation of crystalline junctions. Equilibrium swelling of the hydrogel samples in DI water and SBF are included in pressure of water surrounded by the SBF ions. The CA at low concentrations (0.15, 0.8 and 1.3 mM) did not significantly influence the swelling behaviour of the PVA hydrogels, both in DI water and SBF.
Meanwhile, increased in swelling in DI water and SBF were observed for the 1.8 and 2.3 mM PVA/CA samples. This was due to the expansion of PVA chains that interacts with the abundantly available CA ions. It was established that CA at concentrations of 0.15, 0.8 and 1.3 mM can be incorporated within the PVA to form mechanically stable hydrogel with intact functional groups and crystalline phase, surface hydrophilicity and excellent swelling characteristics. Since the aim of CA in the PVA hydrogel is to provide biofunctionality towards the formation of HA in vitro, higher concentration of CA with no detrimental effects towards the PVA hydrogel can be suggested. Thus, PVA/CA-1.3 mM hydrogel was selected for the in vitro biomineralization in SBF. Although higher swelling capability and reduced contact angle was obtained for the 1.8 and 2.3 mM PVA/CA hydrogels, their physical response was poor.
In vitro biomineralization
SEM image of Figure 5 (a) depict the morphology of PVA hydrogel without addition of CA after seven days of soaking in SBF. The presence of pores may due to the infiltration and ion exchange between water and the SBF ions. This morphology could be useful conditions for transferring of nutrients, lubricants, tissue fluid and for clinical reconstructive material. Furthermore, no obvious apatite mineralization was observed on the surface. The OH groups of PVA are considered to be non-bioactive in terms of HA growing capability due to lack of net charge. It was reported that PVA hydrogels prepared by sol-gel method needed preembedded apatite particles in order to grow the HA in SBF, it takes up to seven days to do so. 26 Addition of 1.3 mM CA in the PVA hydrogel promotes the growth of HA after one day of soaking in SBF. Few HA particles were formed on the surface. Figure 5 (b) displayed SEM image of the HA spherulites having porous spheroidal structure. The HA formation can be elucidated by the presence of CA in the PVA hydrogel. CA consists of three COOH groups and one OH group that ionize into citrate ion in SBF. The OH groups of CA can form H bonds with OH groups of PVA, while the COO À can chelate with the calcium ions of SBF forming complex. The process then continues by attracting phosphate ions, other calcium ions and other citrate ions on the chelate complex that lead to the nucleation of HA crystals. Figure 6 illustrates the proposed biomimetic mineralization of the HA assisted by the CA component. SEM images of Figure 5 (c) to (e) showed the evolution of apatite on the PVA surface after soaking in SBF for three, five and seven days, respectively. A fully covered apatite layer can be observed after three days of soaking in SBF followed by fusing of HA crystals as the soaking time increased up to seven days. The Ca/P ratio obtained was 1.95 AE 0.76, 1.83 AE 0.20, 1.74 AE 0.17, 1.65 AE 0.08 for samples soaked in SBF for period of one, three, five and seven days, respectively. Progressive reduction of the Ca/P ratio was due to the precipitation of a nonstoichiometric calcium-deficient HA from SBF. Although the apatite formation on the PVA surfaces is evident, the inner part of the hydrogel should be investigated as well. Figure 5 (f) revealed that the apatite was also formed inside the PVA/CA-1.3 mM sample soaked for seven days. The freeze-thaw CA solution provides nucleating effects within the PVA hydrogel. Swelling of the PVA hydrogel opens up spaces for the growth of HA crystals. Ca/P ratio of the inner HA was quite similar to its outer surface grown HA (1.67 AE 0.13) which implies that the CA can provide bioactivity within the PVA hydrogel. Thus, cell culture studies in near future would provide further insights for cartilage repair and guided bone regeneration material applications. Figure 7 describes gel strength of the hydrogels after being soaked in SBF. Neat PVA soaked in SBF for seven days showed lower gel strength compared to its un-soaked counterpart. This was due to the infiltration of the SBF ions that lead to the opening up of PVA domain. PVA/CA-1.3 mM soaked for one day, however, did not show any mechanical changes compared to the neat PVA soaked for seven days. It can be proposed that no HA was formed within the hydrogel sample after soaking in SBF for one day. Interestingly, gel strength of the PVA increased with increasing soaking time starting from three days up to seven days of soaking. The HA component which grown inside the PVA provides additional strength to the hydrogel by filling up the pores thus making the hydrogel more tolerant to withstand extra load. The increment also suggest that more HA crystals formed within the hydrogel as the soaking time increased. The biomimetic growth of HA within the PVA hydrogel could provide useful loadbearing capability for cartilage, and thus a good bonding with the implantation site. FTIR spectrum of the neat PVA hydrogel soaked in SBF for seven days (Figure 8(b) ) showed similar pattern to that of un-soaked PVA hydrogel (Figure 8(a) ). Similar pattern was also observed for the PVA/CA-1.3 mM soaked in SBF for one day (Figure 8(c) ). In both cases (neat PVA with seven days of soaking and PVA/ CA-1.3 mM with one day of soaking), no HA-related peaks was observed. Although the previous SEM image ( Figure 5(b) ) showed the presence of HA, detection of the component is difficult since only few HA crystals are present. PVA/CA-1.3 mM samples with soaking time of three, five and seven days ( ) signifies that the hydrogel surface is dominated by the apatite.
Conclusions
It was shown that the addition of CA concentration of 0.15, 0.8 and 1.3 mM did not affect properties of the resulting freeze-thawed PVA hydrogel. The gel strength, functional groups, crystalline phase, swelling and water contact angle of the modified PVA hydrogels were displayed to be physically useful biomedical applications. When the CA concentration was increased to 1.8 and 2.3 mM, detrimental impacts were observed. CA inclusion was shown to be useful for the growing of HA on the less bioactive PVA. In vitro biomineralization of the PVA/CA-1.3 mM sample revealed the formation of HA crystals on the surface and internal of the hydrogel. The nucleation mechanism of HA could be clarified by the attachment of the CA onto the hydrophobic PVA and simultaneously forming chelate complex that provides sites for the growth of HA nuclei. Immersion of the PVA/CA-1.3 mM sample in SBF revealed that the gel strength increased with increasing the soaking time. Substantial filling up of the hydrogel spaces by HA component that lead to high compressive strength can be suggested. This new approach of inducing bioactivity to the PVA hydrogel has prospective for guided bone regeneration due to the rapid apatite growth on the surface and within the hydrogel. Furthermore, simple approach of adding CA into freeze-thawed hydrogel might facilitate the fabricating and manufacturing of biomedical materials.
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